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Abstract 

Pesticides which are hydrophobic in nature are often adsorbed as well as retained 
by the soil particles and organic matter, whereas, the water soluble pesticides enter 
the surface and ground water bodies and can enter drinking water wells causing 
health problems by entering food chain directly. Currently, one of the most effec¬ 
tive and common remediation practices is incineration, but it is associated with a 
number of disadvantages. One promising alternative treatment strategy to incin¬ 
eration is bioremediation which is to exploit the ability of microorganisms for 
removing pollutants from contaminated sites. Fungi are among the potential can¬ 
didates of bioremediation as they are natural decomposers of waste matter and 
secrete several extracellular enzymes capable of decomposing lignin and cellu¬ 
lose, the two essential components of plant fiber. It is necessary to correctly iden¬ 
tify and select the fungal species to target a particular pollutant to achieve a 
successful mycoremediation. White-rot fungi possess a number of advantages in 
relation to degradation of insoluble chemicals and toxic environmental pollutants 
that can be exploited in bioremediation systems. The accessibility and bioavail- 
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ability of the pollutants serve as a limitation in bioremediation including fungal- 
mediated bioremediation of pesticides. As a future perspective, there is a need not 
only to isolate and characterize the novel pesticide mineralizing fungal strains but 
also to characterize the chemistry, toxicity, and environmental fates of the metabo¬ 
lites produced during fungal biodegradation of pesticides. 
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24.1 Introduction 

Pesticides are used in agriculture to ensure the quality as well as yield of the 
crops by managing different pests including insects, pathogens, weeds, etc. 
which are responsible for causing huge losses to the crops (Liu et al. 2001). 
Injudicious use of synthetic organic compound pesticides has led to the major 
problem of environmental pollution worldwide. Many of these novel compounds 
introduced to the nature as synthetic pesticides are termed xenobiotics, and many 
of them are not easily degraded by the indigenous microflora and fauna (Sullia 
2004). India is the largest consumer of pesticides in South Asian countries 
(Agnihotri 1999). 

It has been reported that only about 5% of the total applied pesticides is able to 
hit the target pests, while the rest enters into soil and water resources (Kookana et al. 
1998; Nawaz et al. 2011). Hydrophobic pesticides are often adsorbed and retained 
by the soil particles and organic matter (Xiao et al. 2011; Bhalerao 2012), whereas, 
the water soluble pesticides shows a tendency to enter the surface and ground water 
bodies (Casara et al. 2012). Once in the groundwater, these pollutants can enter 
drinking water wells causing health problems by directly entering the food chain 
(Strandberg et al. 1998; Bavcon et al. 2002) The main reasons for persistence of 
these compounds in nature are that the conditions as well as the microorganisms 
capable of biodegrading these toxic compounds may not be present at the contami¬ 
nated site (Frazar 2000). Even if the necessary microorganisms are present, some 
limiting factor, such as shortage of nutrients, creates unfavorable conditions for the 
biodegradation of contaminants. The other possibility being the compound could be 
recalcitrant or resistant to biodegradation (Field et al. 1993). However, some micro¬ 
organisms survive in pesticide-contaminated sites, and the metabolic processes of 
these organisms are capable of using chemical contaminants as a source of energy, 
rendering the contaminants harmless or less toxic products in majority of the cases 
(Kirk and Farrell 1987; Hatakka 2001). 

Several classes of chemicals including polycyclic aromatic hydrocarbons, penta- 
chlorophenols, polychlorinated biphenyls, l,l,l-trichloro-2,2-bis(4-chlorophenyl) 
ethane, benzene, toluene, ethylbenzene xylene, and trinitrotoluene have been tar¬ 
geted by the United States Environmental Protection Agency (USEPA) as priority 
pollutants due to their toxic effects on the human health as well as to the 
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environment. Polycyclic aromatic hydrocarbons (PAH) are recalcitrant environ¬ 
mental contaminants generated from the burning of fossil fuels, coal mining, oil 
drilling, and wood burning (Lau et al. 2003; Verdin et al. 2004). All of these chemi¬ 
cal compounds pose a significant threat to the health and vitality of the earth system. 
The elimination of wide ranges of pollutants and wastes from the environment is 
therefore an absolute requirement for promotion of a sustainable development of 
our society with minimum possible environmental impact. 

Environmental contamination due to pesticides affects not only the ecosystem 
services of soil and water resources but also the health of animals, plants, microor¬ 
ganisms, and human beings. Hence, it is the need of the hour to devise the environ¬ 
mental friendly suitable strategies for remediating the pesticides from the 
contaminated environments. Due to the magnitude and severity of the problem and 
the lack of a reasonable solution, a rapid cost-effective ecologically responsible 
method of cleanup is urgently needed (Hamman 2004). Currently, incineration is 
the most effective and common remediation practice, but this is extremely costly, in 
monetary and energy terms. One promising alternative treatment strategy that is 
effective, minimally hazardous, economical, versatile, and environment-friendly, 
therefore, is to exploit the ability of microorganisms to remove pollutants from con¬ 
taminated sites (Finley et al. 2010). 


24.2 Bioremediation 

Heavy metals, pesticides, and phenolics contamination due to natural and anthropo¬ 
genic sources is presently a global environment concern. Release of heavy metals 
without proper treatment poses a significant threat to public health because of its 
persistence, biomagnification, and accumulation in food chain. Microbial metal bio¬ 
remediation is an efficient strategy due to the involvement of low cost, high effi¬ 
ciency, and eco-friendly nature (Rajendran et al. 2003; Wasi et al. 2011). 
Bioremediation provides a reliable and a low-cost alternative. The microorganisms 
have the capacity to remove, immobilize, or detoxify metals and radionuclide 
through various mechanisms (Ji and Silver 1995). Detoxification of metals by 
microbes has been attributed to a number of processes including oxidation-reduction, 
complexation, methylation, and reactions involving bio surfactants (bioemulsifiers) 
and siderophores. In response to metal toxicity, many microorganisms have devel¬ 
oped unique intracellular or extracellular mechanisms to resist and detoxify harmful 
metals. The mechanisms may be specific to a particular metal or a general mecha¬ 
nism for a variety of metals (Wasi et al. 2008). 

Biodegradation is a complex process occurring in the environment and involves 
abiotic and biotic biotransformations performed by microorganisms or plants 
(Fenner et al. 2013). It involves the complete rupture of an organic compound into 
its inorganic constituents. Microorganisms hold the potential of potent bioremedia¬ 
tion agents because of their ubiquity, large numbers and biomass relative to other 
living organisms, wider diversity, ability to function even under anaerobic and other 
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extreme conditions, and capabilities in their catalytic mechanisms. Understanding 
their genetics and biochemistry, and developing methods for their application as 
bioremediation agents in the field, has become a topic of great research (Megharaj 
et al. 2011). Probably, there is more diversity in microbial members and their capa¬ 
bilities to synthesize or degrade organic compounds than the existence of diversity 
in sources and chemical complexities of organic pollutants (Ramakrishnan et al. 
2011 ). 

These biodegradation reactions depend on the structure of pesticides and envi¬ 
ronmental conditions and are often the main mechanism of decontamination and 
modifying toxicological properties of pesticides (Hussain et al. 2009). Thus, bio¬ 
degradation is considered to be the most promising, relatively efficient, and cost- 
effective technology. There are essentially two approaches involving bioremediation. 
In situ methods involve the treatment of contaminated material on-site, whereas the 
physical removal of contaminated material to treat it elsewhere is referred to as ex 
situ. To excavate and remove contaminated soil using chemical methods or by incin¬ 
eration is a relatively costly procedure. In contrast, the overall expense is far less if 
the soil is left where it is and decontaminated on the site. Moreover, in washing or 
extracting toxic materials from the soil, contamination simply moves from one 
place to another and is not eradicated, while incineration may cause problems of 
being energy intensive and dioxin formation. 

Methods of bioremediation offer means to degrade toxic organic materials from 
pesticides, industrial waste, oil spills, etc. converting them to more innocuous com¬ 
pounds. Whole mineralization of contaminants, i.e., their transformation to C0 2 , 
H 2 0, N 2 , HC1, etc., is the ultimate goal of bioremediation. Although heavy metals 
and radioactive cations cannot be decomposed but can be rendered into forms of 
low solubility, making them less harmful in the ground, they might be physically 
removed by phytoremediation or mycoremediation which involves the harvesting of 
the entire plant or fungus (Singh et al. 2014). Microorganisms provide a potential 
wealth in biodegradation. The use of bioremediation is typically less expensive than 
the physicochemical methods. This technology offers the potential to treat contami¬ 
nated soil and groundwater in situ (Kearney and Wauchope 1998); hence, it requires 
little energy input and preserves the soil structure as such (Hohener et al. 1998). 
Reduced impact on the natural ecosystem is perhaps the most attractive feature of 
bioremediation (Zhang and Chiao 2002). 

In soils, microbial metabolism is perhaps the most important pesticide degrada- 
tive process (Kearney and Wauchope 1998) as the degrading microorganisms obtain 
C, N, or energy from the pesticide molecules (Gan and Koskinen 1998). The goal of 
bioremediation is to reduce pollutant levels to undetectable, nontoxic, or acceptable 
levels, i.e., within the limits set by regulatory agencies (Pointing 2001). They ide¬ 
ally completely mineralize organopollutants to carbon dioxide. From an environ¬ 
mental point of view, this total mineralization is desirable as it represents complete 
detoxification (Gan and Koskinen 1998). Microbial processes leading to elimina¬ 
tion of organic environmental contamination assume great importance. Progress in 
the biotechnology of biodegradation relies upon the underlying sciences of environ¬ 
mental microbiology and analytical geochemistry. New analytical and molecular 
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tools have deepened our insights into the mechanisms, the occurrence, and the iden¬ 
tity of active players effecting biodegradation of environmental pollutants (Jeon and 
Madsen 2012). 

Nature plays an important role in modulating the microbial activity which has 
been shown to be greatly influenced by environmental factors. The purpose of bio¬ 
remediation, therefore, is to minimize these environmental pollutants (Paul et al. 
2005). It is an important consideration that any biodegradation operation must com¬ 
pete economically and functionally with various physicochemical processes avail¬ 
able for the removal of pollutants (Wasi et al. 2008). For soils, these methods include 
thermal treatment (incineration) and solvent or detergent washing technique, etc. 
(Amend and Lederman 1992). Application of individual microbes and microbial 
communities for large-scale treatment of domestic and industrial wastes is well 
documented (Gadd 2010). The ability of these organisms to reduce the concentra¬ 
tion of xenobiotics is directly linked to their long-term adaptation to environments 
where these compounds exist. The process of biodegradation depends on the meta¬ 
bolic potential of microorganisms to detoxify or transform the pollutant molecule 
(Ramakrishnan et al. 2011). The microbial populations of soil or aquatic environ¬ 
ments are diverse and may be synergistic or antagonistic communities. 

In natural environments, biodegradation involves metabolic cooperation that 
refers to transferring the substrates and products within a well-coordinated micro¬ 
bial community (Abraham et al. 2002). Microorganisms have the ability to interact 
chemically as well as physically, with substances leading to either complete degra¬ 
dation of the target molecule or may involve certain structural changes. The com¬ 
plexity of microbial mechanisms for degradation of organopollutants and the time 
period before microbial degradation starts, requiring weeks to months, have made 
the technology slow to emerge as a viable method of remediation (Nerud et al. 
2003). Detailed studies of the principles of biodegradation and the development of 
efficient methods of decontamination are apparent (Nerud et al. 2003). 


24.3 Bioremediation Using Fungi 

Fungi feature among nature’s most vigorous agents for the decomposition of waste 
matter and are an essential component of the soil food web (Rhodes 2012). The key 
organism for breaking down the leaf litter is fungus. Indeed, fungi are the only 
organisms on Earth capable of decomposing wood. The mycelium of fungi exudes 
powerful extracellular enzymes and acids capable of decomposing lignin and cel¬ 
lulose, the two essential components of plant fiber. A rich material called humus is 
formed as the fungus breaks down wood and leaves. In the natural ecosystem of 
soils, a realm of organisms from different kingdoms make their assault on different 
substrates, and the rate of degradation becomes maximal on ample supply of N, P, 
K, and other essential inorganic elements (Rhodes 2013). While they often function 
together with bacteria and an array of microorganisms, it is the fungi that handle 
breaking down some of the largest molecules present in nature (Gilbert-Lopez et al. 
2010). Aspergillus and other molds are highly efficient in decomposing starches, 
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hemicelluloses, celluloses, pectins, and other sugar polymers, and some of them can 
even degrade intractable substrates such as fats, oils, chitin, and keratin. 

Substrates such as paper and textiles (cotton, jute, and linen) are readily degraded 
by these molds, and the process is often referred to as biodeterioration. To achieve 
a successful mycoremediation, a simple screening procedure is essential to select 
the correct fungal species to target a particular pollutant (Matsubara et al. 2006). 
Many fungi including Aspergillus niger , Aspergillus terreus , Cladosporium oxyspo- 
rum , Mucor thermohyalospora , Fusarium ventricosum , Phanerochaete chrysospo- 
rium , and Trichoderma harzianum have been tested for their ability to degrade 
endosulfan (Bhalerao and Puranik 2007). Some of the fungal strains have also been 
observed to perform esterification, dehydrogenation, hydroxylation, and dioxygen¬ 
ation during the transformation of different pesticides (Pinto et al. 2012; Deng et al. 
2015). 3-Phenoxybenzoic acid has also been found to be hydroxylated into 
3-hydroxy-5-phenoxybenzoic acid which is dioxygenated into gallic acid and phe¬ 
nol (Deng et al. 2015). Leon -Santiesteban et al. (2016)) reported that a fungal strain 
Rhizopus oryzae CDBB-H-1877 has the potential for biosorption of pentachloro- 
phenol through methylation and dechlorination. A few fungi belonging to the class 
zygomycetes and Aspergillus spp. have been demonstrated to decolorize and detox¬ 
ify textile wastewaters. Some of the well-known fungi like Penicillium chrysoge- 
num , Scedosporium apiospermum , Penicillium digitatum , and Fusarium solani are 
also reported for degradation capabilities of polychlorinated biphenyls (PCB). 
These fungi show the involvement of non-ligninolytic enzymes for degradation of 
PCBs (Tigini et al. 2009). 


24.4 Biodegrading Capacities of White-Rot Fungi 

Presently, prokaryotes are being used for bioremediation conducted on a commer¬ 
cial scale, and comparatively few recent attempts to use white-rot fungi have been 
made. However, these filamentous fungi offer advantages over bacteria in the diver¬ 
sity of compounds they are able to oxidize (Pointing 2001). In addition, as com¬ 
pared to bacteria, they are robust organisms and generally more tolerant to high 
concentrations of polluting chemicals (Evans and Hedger 2001). Therefore, white- 
rot fungi represent a powerful and prospective tool in soil bioremediation (Sasek 
2003). Fungi generally biotransform pesticides and other xenobiotics by introduc¬ 
ing minor structural changes to the molecule, rendering it nontoxic. The biotrans¬ 
formed pesticide is released into the environment, where it becomes susceptible to 
further degradation by bacteria (Diez 2010). Furthermore, there is a minimum pol¬ 
lutant concentration level below which the enzymes are not expressed in bacteria, 
thus limiting the technology (Adenipekun and Lawal 2012). White-rot fungi digest 
lignin through the secretion of enzymes giving a bleached appearance to wood from 
undissolved cellulose, whereas, brown-rot fungi degrade cellulose, leaving lignin as 
brownish deposit. 

These fungi cause checkered, cubical cracking and shrinking in wood, which is 
apparent on felled conifer trees (Stamets 2005). A number of other white-rot fungi 
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also can degrade persistent xenobiotic compounds, e.g., Pleurotus ostreatus , 
Trametes versicolor , Bjerkandera adusta , Lentinula edodes , lacteus , Agaricus 

bisporus , Pleurotus tuber regium , and Pleurotus pulmonarius (Singh 2006). Other 
toxic materials that have been reported to be successfully degraded using white-rot 
fungi include polychlorinated biphenyls and dioxins, pesticides, phenols, chloro- 
phenols, effluents from pulp and paper mills, dyestuffs, and heavy metals (Singh 
2006). 

Application of fungal technology for the cleanup of contaminants has shown 
promise since Phanerochaete chrysosporium was found to be able to metabolize a 
number of important environmental pollutants and to degrade and mineralize a wide 
variety of industrial and agricultural pollutants (Sasek 2003). It is an ideal model for 
bioremediation by fungi presenting simultaneous oxidative and reductive mecha¬ 
nisms which permit its use in multifarious situations. Enzymes involved in degrada¬ 
tion of pollutants in P. chrysosporium are found to be lignin peroxidases (LiP) and 
manganese-dependent peroxidases (MnP), which have also been shown to facilitate 
both reductive and lipid peroxidation-mediated degradation of environmental pol¬ 
lutants. It is capable of degrading several chlorinated xenobiotics under conditions 
which do not favor the production of lignin peroxidases (LiP) and manganese- 
dependent peroxidases (MnP) (Kullman and Matsumura 1996). 

White-rot fungi are able to degrade a wide variety of environmental pollutants to 
carbon dioxide, including a number of chlorinated pollutants such as DDT, lindane, 
chlordane, polychlorinated biphenyls, and 3,4 dichloroaniline (Arisoy 1998). The 
main reason that white-rot fungi are active to such a wide range of compounds is 
their release of extracellular lignin-modifying enzymes including lignin peroxidase 
(LiP), manganese peroxidase (MnP), various H 2 0 2 -producing enzymes, and laccase 
which can act upon various molecules that are broadly similar to lignin (Kirk and 
Larrell 1987; Adenipekun and Lawal 2012). White-rot fungi can degrade insoluble 
chemicals such as lignin or an extremely diverse range of very persistent or toxic 
environmental pollutants (Barr and Aust 1994). The mycelial growth habit is also 
advantageous as it allows rapid colonization of substrates, and hyphal extension 
enables penetration of soil reaching pollutants in ways that other organisms cannot 
do (Reddy and Mathew 2001), thus maximizing physical, mechanical, and enzy¬ 
matic contact with the surrounding environment. In addition, these fungi use inex¬ 
pensive and abundant lignocellulosic materials as a nutrient source and can tolerate 
a wide range of environmental conditions (Maloney 2001) and, moreover, do not 
require pre-conditioning to a particular pollutant, because their degradative system 
is induced by nutrient deprivation (Barr and Aust 1994). 

Basidiomycetous, ascomycetous, and hyphomycetous fungi isolated from marine 
environments are reported to have capabilities of degradation of effluent from tex¬ 
tile industries. Nwachukwu and Osuji (2007) conducted a study for determining the 
ability of white-rot fungus, Lentinus subnudus , to degrade atrazine, heptachlor, and 
metolachlor and observed that up to 94% of both metolachlor and heptachlor were 
degraded, whereas 78% degradation of atrazine was achieved after 25 days. 
Purnomo et al. (2014) characterized white-rot fungi, P. ostreatus , for biodegradation 
of heptachlor and heptachlor epoxide, and this strain showed the potential to remove 
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about 89% and 32% of initially added heptachlor and heptachlor epoxide, respec¬ 
tively, over 28 days of incubation. Nyakundi et al. (2011) reported the potential of 
five white-rot fungi cultures and their mixture for degradation of diazinon and 
methomyl pesticides and observed that mixture of various white-rot fungi and pure 
cultures degraded diazinon and methomyl; however, the fungal consortium was 
more effective than pure cultures. Similarly, Xiao et al. (2011) reported the ability 
of Phlebia acanthocystis , Phlebia brevispora , and Phlebia aurea to degrade aldrin 
and dieldrin pesticides. Kamei et al. (2011) characterized a white-rot fungus, 
Trametes hirsuta , for biodegradation of endosulfan and found that this strain had the 
potential to use and degrade endosulfan sulfate produced during the biodegradation 
of endosulfan. 


24.5 Role of Enzymes in Biodegradation 

Fungi and bacteria are considered as the extracellular enzyme-producing microor¬ 
ganisms for excellence. Enzymes are central to the biology of many pesticides and 
are activated in situ by enzymatic action, and many pesticides function by targeting 
particular enzymes with essential physiological roles (Riya and Jagatpati 2012). 
These are involved in the degradation of pesticide compounds through intrinsic 
detoxification mechanisms and evolved metabolic resistance via biodegradation by 
soil and water microorganisms (Scott et al. 2008). Applying enzymes to degrade or 
transform pesticides is an innovative technique for the removal of these chemicals 
from polluted environments. Enzyme-catalyzed degradation of a pesticide may be 
more effective than existing chemical methods. White-rot fungi have been pro¬ 
posed as promising bioremediation agents, especially for compounds that are not 
readily degraded by bacteria because of their ability to produce extracellular 
enzymes that act on a broad array of organic compounds. Some of these extracel¬ 
lular enzymes involved in lignin degradation are lignin peroxidase, manganese per¬ 
oxidase, laccase, and oxidases. The three main enzyme families implicated in 
degradation are esterases, glutathione S-transferases (GSTs), and cytochrome 
P450 (Bass and Field 2011). A number of recent studies have shown the involve¬ 
ment of peroxidase and laccase enzymes in the biodegradation of different pesti¬ 
cides (Donoso et al. 2008; Pizzul et al. 2009; Kadimaliev et al. 2011). Donoso et al. 
(2008) documented the involvement of peroxidase and laccase activity in the deg¬ 
radation of tribromophenol (TBP) by Trametes versicolor. Similarly, Kadimaliev 
et al. (2011) measured the biodegradation of phenol through Lentinus tigrinus in 
liquid medium with the help of laccase and peroxidase enzymes. In all these pro¬ 
cesses, fungi and bacteria are involved in producing intracellular or extracellular 
enzymes including hydrolytic enzymes, peroxidases, oxygenases, etc. (Van et al. 
2003). Due to the diverse chemistry used in pesticides, the biochemistry of pesti¬ 
cide bioremediation requires a wide range of catalytic mechanisms and therefore a 
wide range of enzyme classes. 
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24.6 Practical Implementation of Mycoremediation Using 
White-Rot Fungi 

Knowledge of fields such as fungal physiology, biochemistry, enzymology, ecology, 
genetics, molecular biology, engineering, etc. is essential for using white-rot fungi 
successfully for bioremediation. A four-phase strategy including bench-scale treat- 
ability, on-site pilot testing, production of inoculum, and finally full-scale applica¬ 
tion has been advocated (Lamar and White 2001). Fungal inocula coated with 
alginate, gelatin, agarose, carrageenan, chitosan, etc. in the form of pellets may 
offer a better outcome than with inocula produced using bulk substrates which is 
termed encapsulation and is derived from the mushroom spawn industry and pre¬ 
serves the viability of the inoculum and contributes nutrients to maximally support 
the degradation of pollutants. Substrates such as wood chips, wheat straw, peat, 
corncobs, sawdust, a nutrient-fortified mixture of grain and sawdust, bark, rice, 
annual plant stems and wood, fish oil, alfalfa, spent mushroom compost, sugarcane 
bagasse, coffee pulp, sugar beet pulp, okra, canola meal, cyclodextrins, and surfac¬ 
tants can be used in inoculum production both off-site or on-site or as mixed with 
contaminated soils to improve the processes of degradation (Singh 2006). It is criti¬ 
cal to attain the correct C:N ratio in the substrates used for avoiding any impeding 
effect on the efficiency of the fungi in the bioremediation process. Native microbial 
populations also provide a potential competition to the mycoremediation process, 
but there is, as yet, a lack of defined protocols to eliminate such influences. There 
are some patents available which refer to the subject of remediation using white-rot 
fungi (Singh 2006). 


24.7 Limitations of Using Fungi as Tools of Bioremediation 

Although several fungal strains have been isolated and characterized for biodegra¬ 
dation and bioremediation of different organic compounds including pesticides, still 
there are few drawbacks which limit their wider application. Fungal biodegradation 
of organic compounds including pesticides has normally been observed as a rela¬ 
tively slower process, and, sometimes, it does also not lead toward complete removal 
of the contaminants (Sasec and Cajthaml 2014). 

Moreover, it has also been observed that fungi requires more time for adaptation 
to the contaminated environment as well as removal of the pollutants (Kulshreshtha 
et al. 2014). Under field conditions, this might be due to the mass transfer limita¬ 
tions because of variations and fluctuations in physicochemical and climatic condi¬ 
tions of the soils/ fields (Boopathy 2000). Similarly, accessibility and bioavailability 
of the pollutants also serve as a limitation in bioremediation including fungal- 
mediated bioremediation of pesticides. Hence, there is a rising need that bioreme¬ 
diation processes including fungal-mediated remediation must be tailored to the 
site-specific conditions. However, there is need to understand the processes and 
mechanisms underlying this regulation in fungal biodegradation of pesticides result¬ 
ing from changes in physicochemical characteristics of the environment. There is 
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need to know whether such changes affect the chemistry of the pesticides or the 
physiology of the degrading fungi. Another drawback associated with fungal bio¬ 
degradation is partial degradation of the organic compounds including pesticides 
leading toward the accumulation of secondary metabolites which might be harmful 
or harmless depending upon their chemical nature (Badawi et al. 2009; Pinto et al. 
2012). It has been observed that, sometimes, these secondary metabolites have been 
found to be even more harmful as compared to their parent compounds (Boopathy 
2000 ). 

Only few fungal strains have been found to mineralize the pesticides. Moreover, 
there is very limited information regarding the environmental fate of such metabo¬ 
lites produced during fungal biodegradation. This problem can be solved by the use 
of microbial consortium including both fungal and bacterial strains. Another strat¬ 
egy is to add a specific gene that can confer specific degradation capability to indig¬ 
enous microorganism. The addition of degradative genes relies on the delivery and 
uptake of genetic material by an indigenous microorganism. The two possible 
approaches that can be taken include the use of microbial cells to deliver gene via 
conjugation and to add naked gene in soil and allow its uptake via transformation 
(Singh 2008). 


24.8 Future Perspectives 

Bioremediation is the most effective management tool to manage the polluted envi¬ 
ronment and recover contaminated soil and water because it is less harmful and 
affects only a few target organisms and a specific pest. Moreover, it is very effective 
in small quantities and often decomposes quickly. The fungal biodegradation of the 
pesticides does not seem to be conserved to any specific genus or species of fungi 
as bacterial biodegradation of some pesticides has also been reported. Despite that 
some of the pesticides presented were observed to be degraded by the fungal strains 
belonging to a single genus, this might be due to the fact that only few strains have 
been isolated for biodegradation of those pesticides. Moreover, it has been observed 
that the potential of bacteria and fungi to completely degrade the pesticides enhances 
significantly when they were used in co-culture with each other. In order to achieve 
better bioavailability and biodegradation of pesticides, such fungal/microbial con¬ 
sortia needs to be tested for their relation and interaction with each other and with 
pesticides as well as environmental conditions. 

As a future perspective, there is a need not only to isolate and characterize the 
novel pesticide mineralizing fungal strains but also to characterize the chemistry, 
toxicity, and environmental fates of the metabolites produced during fungal biodeg¬ 
radation of pesticides. Although fungal biodegradation has been considerably stud¬ 
ied under in vitro conditions in liquid cultures, there are no many studies on such 
degradation in soil, sediment, and sludge under field conditions. Hence, studies on 
large scale and more in-depth evaluation of fungal biodegradation of pesticides are 
needed. Some of the enzymatic activities, metabolites, and processes involved in the 
fungal biodegradation of some pesticides have been discovered, and metabolic 
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pathways for such pesticide transformations have been proposed. Further studies 
need to be conducted to discover the enzymatic and genetic basis of the fungal bio¬ 
degradation of pesticides by applying the advanced omics-based approaches to 
identify the genes, enzymes, and metabolites involved during fungal biodegradation 
of pesticides. Such genetic characterization will further serve as baseline informa¬ 
tion for genetic engineering of the pesticide-degrading fungal strains which might 
enable us to enhance their capability and potential. 
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